We calculate the jet quenching parameter in medium with chemical potential from AdS/CFT correspondence. Our result is summarized in a plot. Moreover, we extract the explicit form of the jet quenching parameter of medium with small chemical potential for phases of dual SYM corresponding to large and small black holes. For the former phase, the jet quenching is increased as the charge density increases, however, for the latter it is the opposite though the background is thermodynamically unstable. 
Introduction
The recent experiments in Relativistic Heavy Ion Collider (RHIC) produce the strongly interacting 'quark gluon plasma', which can be described by hydrodynamical expansion of radial and elliptical flow [1] . To study the RHIC phenomenology requires the theoretical tool to calculate the dynamical process such as the diffusion constants, viscosity or jet quenching parameter in this strongly interacting plasma. Since these physical quantities characterizes the dynamical process, it is then hard to calculate them in lattice QCD which is formulated in Euclidean phase and more suitable in describing the thermal equilibrium process. On the other hand, the AdS/CFT duality [2, 3, 4] provides an avenue by using gravity/string theory to calculate the physical quantities of the strongly coupled phase of the super-Yang-Mills (SYM) theory. Even though the SYM theory and QCD are quite different at zero temperature, however, with the nonzero temperature both theory describe the similar hot non-abelian plasma's hydrodynamics except that the SYM plasma is in the adjoint representation and the QCD has only adjoint gluons and fundamental quarks. In fact, in the past few years, a lot of works have been done to calculate the hydrodynamical quantities, and one of the most important progress is the discovery of the universal bound of the viscosity to entropy density ratio [5, 6, 7, 8, 9] , which is also checked in the case of no-zero chemical potential in [10, 11, 13, 14] . The check from the direct gauge theory calculation is recently done in [15] .
The early attempt in utilizing holography to discuss the jet quenching was done by [18] . Recently, the jet quenching parameter has been calculated in [19, 20, 21, 22, 23, 24, 25] from the gravity dual in the AdS-Schwarzschild background, and is followed up by [26, 27] for the deformed gravity background dual to less supersymmetric gauge theories. The key observation in [19] is that the authors define the jet quenching parameterq non-perturbatively through the relation
where the contour C describes the quark-anti-quark(qq) pairs separated by small spacelike extension of L moving along the light cone of large length L − . This relation originally arises as a dipole approximation valid for small L used in jet quenching calculation [28, 29, 30] . It enables one to use the method of AdS/CFT duality found in [31, 32] to calculate the expectation value of Wilson loop. On the other hand, in [20, 21, 22, 23, 24, 25] the energy loss of the moving quark due to the drag forces exerted by the plasma are considered and one can extract the jet quenching parameter from the friction coefficient of the drag force. Both results agree on the dependence of the temperature and 't Hooft coupling but not on the overall coefficient. However, in the above calculations they ignored the effect of non-zero chemical potential except in [23, 24] in which the drag force was calculated with R-chagre chemical potential. When thepair is created in the vacuum they will hadronize by creating morepairs due to the quark confinement as they move apart, and then come out as the jets. However, in the quark-gluon plasma produced in RHIC, the escaped quark is surrounded by high density quarks fluid liberated from the nucleons of the heavy ions. Then some of the jets will be quenched by the surrounding medium and the jet quenching parameter measure the probability of the jet quenching. In such setting, the baryon density of the quark-gluon plasma is relevant when calculating the jet quenching parameter. Though there is no definitely conserved baryon number symmetry in SYM theory as in QCD, the R-symmetry plays the similar role. In this short note, we will use the AdS/CFT duality and follow the method of [19] to calculate the jet quenching parameter in a medium with nonzero chemical potential which is conjugated to the R-charge density.
We hope our results will help to improve the comparison between the theoretical results and experimental data. We will first describe the gravity setting for such a calculation and then calculate the thermal expectation value of the Wilson loop to extract the quenching parameter by evaluating the on-shell Nambu-Goto action of string extending into the bulk but with endpoints fixed on the AdS boundary. Our result can be summarized in Figure 1 which shows the ratio between the jet quenching parameters with and without chemical potential at the same temperature. The explicit form of the jet quenching parameter in some limiting cases is also derived.
Calculation of the Jet quenching parameter
The SU (N ) SYM theory with non-zero chemical potential background is dual to the bulk 5-dimensional gauged supergravity in the asymptotically AdS R-charged black hole background, some subtleties about the phase structures of the theory is recently discussed in [33] . The background metric of the single R-charge black hole is [11, 12, 16, 17 
where R is the AdS radius, the functions f , H and the parameter T 0 are
Here q is related to the physical charge of the black hole, and r + is largest root satisfying h(r) = 0 where h(r) := 1 − q r 2 + r 4 0 r 4 is the harmonic function in the Schwarzschild coordinate r which is related to the above coordinate u by u = r 2 + /r 2 . Thus, the black hole horizon is at u = 1 and the AdS boundary at u = 0. Note that the above solution is obtained from the AdS charged non-extremal spherical black hole by blowing up the sphere of its horizon. The non-extremal parameter r 0 is related to the black hole mass parameter m of the spherical black hole by r 4 0 = mR 2 . Moreover, there also configurations of scalar fields and gauge fields but their explicit form will be omitted. For simplicity, we will consider the case with κ 1 = κ but κ 2 = κ 3 = 0. In this case, the physical parameters in SYM theory can be related to the parameters in the supergravity background. The temperature of SYM is the Hawking temperature
The density of physical charges is
where N is rank of the gauge group and the chemical potential conjugated to ρ is
Moreover, the parameter can be written as κ = 8π 2 ρ 2 /s 2 where s is the entropy density, and the background is thermodynamically stable only if
Now we would like to evaluate the on-shell action of a string worldsheet ending on the AdS boundary and extending into the bulk,
where g αβ = G M N ∂ α x M ∂ β x N is the pull-back metric. Then the on-shell worldsheet action is related to the thermal expectation value of the Wilson-loop for SYM in the fundamental representation [31, 32] by
where the contour C on the AdS boundary enclosed the worldsheet surface of the string. To mimic thepairs moving in the hot quark-gluon plasma along the lightcone of length L − , the contour C should be lightlike with large extension of size L − in the x − -direction and small extension of size L(≪ L − ) in a transverse direction, i.e. x-direction. For such a contour, it is convenient to parametrizing the worldsheet by target space coordinates (x − = τ, x + = const, x = σ, y = const, u = u(σ)) by assuming the worldsheet is time translationally invariant. Given this, the worldsheet action (10) takes the form
This can be compared with the action for the trivial configuration given by two disconnected worldsheet running from u = 0 to u = 1, namely,
which represents the infinite bare mass of thepair and should be subtracted off from the action (11) of the on-shell configuration. From (11) the equation of motion is
where E 2 is the constant of motion. Using (13) to eliminate u ′ in (11) and assuming that E 2 ≪ 1 (low energy), then we arrive the following subtracted action
Note that sign ≈ reminds already using the condition E 2 ≪ 1.
To evaluate the subtracted action S I , we need to solve the equation of motion (13) . For the string extending from AdS boundary at (u = 0, σ = −L/2), bending over at the horizon at (u = 1, σ = 0) and then coming back to AdS boundary at (u = 0, σ = −L/2), the equation (13) can be put into the following form
Again, we have used E 2 ≪ 1 to arrive the second expression, which relates E to T 0 , L and κ. From (15) the condition E 2 ≪ 1 holds if T 0 L ≪ 1 which is reasonable since L is extremely small for jet quenching. Using (15) to eliminate E 2 in (14), we arrive
where λ = R 4 /α ′ 2 is the 't Hooft's coupling of SYM theory, and
which is a monotonically increasing function.
Following [19] we takeq
as a non-perturbative definition of the jet quenching parameter. Therefore we find
where we have converted T 0 to the physical temperature T κ , and this is our main result in this note.
It is easy to see that the subtracted action (16) reduces to the result in [19] for the zero r-charge case, i.e., κ = 0. Therefore, the jet quenching parameterq Y M (κ, T κ , λ) with chemical potential characterized by κ is related to the one without chemical potentialq
It is interesting to compare these two parameter at the same physical temperature, namely
The ratio should be multiplied by a factor and one can seê
We plot the ratio as a function of κ in Figure 1 . The plot shows the background charges increase the jet quenching parameter for small κ whereas decrease for large κ. Recall that κ := q/r 2 + where r + is the horizon size, so for fixed charge q, the small κ corresponds to large black hole and vice versa. The results then suggest that the jet quenching of the dual SYM's corresponding to large and small black holes have opposite charge dependences. Especially for the small black hole's SYM dual, the jet quenching is smaller for larger amount of charge, this is at odd with the naive expectation. Note also that the dividing point is around κ = 2, it is interesting to see if this is related to the thermodynamically instability or not.
To extract the explicit form of κ dependence in Q(κ), we can consider either κ ≪ 1 limit or κ ≫ 1 limit, though as we mentioned before the background is thermodynamically unstable for κ > 2. We investigate it for the theoretical interest. Note that for κ ≪ 1, from (5) and (7) we have
So, this is the case with small chemical potential. Similarly, for κ ≫ 1, Y M (T 0 ) at T κ = T 0 , and the x-axis is the parameter κ characterizing the charge-to-entropy density ratio.
this also implies small chemical potential. So, in both κ ≫ 1 and κ ≪ 1 limits, the chemical potential is small compared with the Hawking temperature.
In the limit for κ small, there is no difference in T κ and T 0 up to the linear order in κ, and one can easily find from (17)
where c 1 is given by
Thus the ratio of the quenching parameters is given aŝ
This shows that the effect of the chemical potential introduced by the background charge increase the quenching parameter. For large κ, Q(κ) behaves as
where
The temperature and chemical dependence is peculiar when expressing κ in terms of T κ and µ by (24) .
Conclusion
In this note we calculated the jet quenching parameter in a medium with nonzero chemical potential. We find that the phases of the gauge theory dual to large and small black holes have opposite charge dependence, especially, the result for the latter is out of expectation as the jet quenching decreases as the charge increases. Moreover, the temperature and chemical potential dependence of the jet quenching for the small black hole case is also peculiar.
T=300 T=400 T=500 We like to remind the reader that the black hole background is thermodynamically unstable for κ > 2 so that our results in Figure 1 and Table 1 for the regime of κ > 2 should be taken with caution. Despite that we think that it is still interesting to have a look of jet-quenching in this regime since the quark-gluon plasma in RHIC is also in a meta-stable state, and could be mimicked by the meta-stable phase of κ > 2. The lifetime of this meta-stable phase and the comparison with the RHIC data would be an interesting dynamical issue for further investigation.
It is tempting to compare our results with the experimental data and may need to involve subtle experimental data analysis which could be beyond our reach. Moreover, the R-charge in SYM is only qualitatively mimicking the baryon number in QCD because these two theory have different field contents under these symmetries. Instead we give some numbers from our formula (19) in Table 1 which might be comparable to the experimental data. However, we like to mention that the constant c 1 obtained in (26) is positive so that the charge density helps to quench the jet. This is consistent with what has been expected from the estimate in [19] where without taking the chemical potential into account, the authors found that the theoretical jet quenching parameter is smaller than the estimated experimental data We will leave the detailed comparison to the future when the more experimental data for jet quenching parameter appear. Finally, we would like to mention that our result is qualitatively similar to the one in [23] from the drag force calculation in the sense that the jet quenching reaches maximum at κ = O(1), but quantitatively different in the detailed dependence of κ.
Note added in proof: After we submitted our paper, the papers [34, 35] appeared, which discuss the same problem as in ours but in the context of 10-dimensional spinning 3-brane. However, the results in those papers agree with ours qualitatively.
